Abstract. The Gerasimov-Drell-Hearn (GDH) sum rule connects the anomalous contribution to the magnetic moment of the target nucleus with an energy-weighted integral of the difference of the helicitydependent photoabsorption cross sections. Originally conceived for real photons, the GDH integral can be generalised to the case of photons with virtuality Q 2 . For spin-1/2 targets such as the nucleon, it then represents the non-perturbative limit of the first moment Γ1 of the spin structure function g1(x, Q 2 ) in deep inelastic scattering (DIS). The data collected by HERMES with a deuterium target are presented together with a re-analysis of previous measurements on the proton. This provides an unprecedented and complete measurement of the generalised GDH integral for photon-virtuality ranging over 1.2 < Q 2 < 12.0 GeV 2 and for photon-nucleon invariant mass squared W 2 ranging over 1 < W 2 < 45 GeV 2 , thus covering simultaneously the nucleon-resonance and the deep inelastic scattering regions. These data allow the study of the Q 2 -dependence of the full GDH integral, which is sensitive to both the Q 2 -evolution of the resonance form factors and contributions of higher twist. The contribution of the nucleon-resonance region is seen to decrease rapidly with increasing Q 2 . The DIS contribution is sizeable over the full measured range, even down to the lowest measured Q 2 . As expected, at higher Q 2 the data are found to be in agreement with previous measurements of the first moment of g1. From data on the deuteron and proton, the GDH integral for the neutron has been derived and the proton-neutron difference evaluated. This difference is found to satisfy the fundamental Bjorken sum rule at Q 2 = 5 GeV 2 .
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Introduction
The Gerasimov-Drell-Hearn (GDH) sum rule connects an energy-weighted integral of the difference of the helicitydependent real-photon absorption cross sections with the anomalous contribution κ = µMt eI − Z to the magnetic moment µ of the target nucleus with atomic number Z [1] (or nucleon [1, 2] ) :
Here σ → ⇐ and σ → ⇒ are the photoabsorption cross sections for relative orientation of the photon spin anti-parallel and parallel to the nucleus spin I, ν is the photon energy in the target rest frame, ν 0 is the photoabsorption threshold, M t is the nucleus mass, α the electromagnetic fine-structure constant and e the elementary charge. This sum rule provides an interesting link between the helicity-dependent dynamics and a static ground state property of the target nucleus.
The GDH sum rule holds for any type of target, i.e. it is valid for protons, neutrons or nuclei. It is also considered to be important in electroweak physics [3] . The GDH sum rule is derived starting from the Compton forwardscattering amplitude following the general physics principles of Lorentz and gauge invariance and is non-perturbative in nature. The only questionable assumption in its derivation is the use of an unsubtracted dispersion relation. For the proton (κ p = +1.79) the GDH sum rule prediction is −204 µb, for the neutron (κ n = −1.91) it is −233 µb. The prediction for the deuteron (κ d = −0.143) is −0.65 µb. It should be noted that for nuclear targets the lowest-lying inelastic channel is the break-up reaction, in contrast to photoabsorption on the nucleon where the lowest-lying inelastic channel corresponds to single pion production.
No test of the GDH sum rule was hitherto performed due to the lack of polarised targets and suitable realphoton beams. Only recently, first results of an experiment on polarised protons in a limited beam energy range have been published [4] . Using extrapolations into the unmeasured regions, Eq. (1) for the proton seems to be satisfied within the experimental uncertainties. Further realphoton experiments are underway at various laboratories to extend the energy range of the measurements [5, 6] .
The GDH integral can be generalised to non-zero photon virtuality Q 2 in terms of the helicity-dependent virtualphoton absorption cross sections σ → ⇐ and σ → ⇒ [7, 8] :
The cross section difference appearing in the integrand is given by
In terms of photon-nucleon (nucleus) helicity states this relation is valid for any target; in case of the deuteron it comprises a mixture of vector and tensor states. HereÃ 1 is the photon-nucleon (nucleus) helicity asymmetry, F 1 the unpolarised nucleon (nucleus) structure function and K the virtual-photon flux factor. Various generalisations of the GDH integral have been considered in the literature. The difference lies in the choice made for K. In the notation of Ref. [8] three such generalisations were considered. In terms ofÃ 1 and F 1 they read:
with x = Q 2 /2M ν. I A corresponds to the case K = ν. The Gilman notation K = ν 1 + γ 2 [17] has been used for I B while for I C the Hand convention K = ν(1 − x) [18] was chosen. They all are numerically close to each other in the limits of deep inelastic scattering and realphoton absorption, but lead to different numerical results for intermediate Q 2 . As was pointed out in Ref. [8] , the generalisation given in Eq. (5) is most clearly related to photoabsorption cross sections. Hence, the generalisation used for the figures in this paper is I B . The full numerical results will be given for all three prescriptions.
When considering a nucleon target (spin 1 2 , mass M ) the photon helicity asymmetryÃ 1 is identical to the longitudinal virtual-photon asymmetry A 1 and the generalised GDH integral can be written in terms of the spin structure functions g 1 and g 2 as:
where g 1 and g 2 are the polarised structure functions of the nucleon,
Examining the generalised GDH integral provides a way to study the transition from polarised real-photon absorption (Q 2 = 0) on the nucleon to polarised deep inelastic lepton scattering (DIS). In other words, it constitutes an observable that allows the study of the transition from the non-perturbative regime at low Q 2 to the perturbative regime at high Q 2 . Since the generalised GDH integral is calculated for inelastic reactions, elastic scattering is excluded from its calculation. As has been pointed out in Ref. [9] , the elastic contribution to the photon cross section becomes the dominant one below Q 2 ≃ 0.5 GeV 2 ; it has to be taken into account when comparing with twist expansions of the first moment of the spin structure function g 1 . In the kinematic region considered in this paper, elastic contributions are expected to be small.
Assuming that the Burkhardt -Cottingham sum rule
holds in good approximation due to the relatively large Q 2 values considered in this paper, then Eq. (7) simplifies to
As Q 2 becomes larger, the other generalisations I B and eventually I C also converge to this value. The first moment of the spin structure function g 1 , Γ 1 = 1 0 g 1 (x)dx, is predicted to have at large Q 2 only a logarithmic Q 2 dependence from QCD evolution. Since for the proton Γ 1 is given by the Bjorken sum rule. It can be derived using only current algebra and isospin symmetry [11] . This sum rule relates the difference of the first moments of g p 1 and g n 1 at fixed Q 2 to the well-measured neutron beta-decay coupling constant g a = |g A /g V | = 1.2670 ± 0.0035 [12] :
where C ns is the non-singlet QCD correction calculated thus far up to O(α 3 s ) in the modified minimal subtraction (M S) scheme [13] . Experimental verification of the Bjorken sum rule at finite Q 2 provides a fundamental test of QCD. A measurement of I p GDH − I n GDH at large enough Q 2 provides such a test. Previous measurements are consistent with the sum rule when perturbative QCD corrections are included [14, 15, 16] .
The Q 2 -dependence of the generalised GDH integral can be studied separately in the DIS region, characterised by large photon-nucleon invariant mass squared [19, 20, 21] . On the other hand, the high-W 2 contribution to the generalised GDH integral is found to be sizeable and essential to any estimate of the total integral [22, 23] . Preliminary data from real-photon experiments at higher energies support this statement [5] . The kinematics of the HERMES experiment allow the study of the Q 2 -development of the generalised GDH integral simultaneously in both the nucleon-resonance and DIS regions.
In section 2 the experimental setup for data taken with a deuteron (proton) target will be described followed by a description of the analysis procedure for both targets in section 3. The results for the deuteron nucleus are presented in section 4 together with the proton data reanalysed with respect to Ref. [23] using an updated value for the target polarisation. From these two data sets the value of I n GDH is calculated in section 5. Here the assumption is made that in the kinematical range under consideration, nuclear effects are small and the deuteron can be treated as consisting of two quasi-free nucleons. The results on the deuteron nucleus, the proton and the neutron are discussed in section 6. From the values on the proton and neutron, the proton-neutron difference is calculated and compared to the Bjorken sum rule prediction in section 7. A summary of the paper is given in section 8.
Experiment
HERMES data on the deuteron target were taken in 1998 to 2000 with a 27.57 GeV beam of longitudinally polarised positrons incident on a longitudinally polarised atomic Deuterium gas target internal to the HERA storage ring at DESY. Data on the proton were taken in 1997 using a longitudinally polarised atomic Hydrogen target. The lepton beam polarisation was measured continously using Compton backscattering of circularly polarised laser light [24, 25] . The average beam polarisation for the deuteron (proton) data set was 0.55 (0.55) with a fractional systematic uncertainty of 2.0% (3.4%).
The HERMES polarised gas target [26] consists of polarised atomic D (H) confined in a storage cell. It is fed with nuclear-polarised atoms by an atomic-beam source based on Stern-Gerlach separation [27] and provides an areal target density of about 2×10 14 (7×10 13 ) atoms/cm 2 . The nuclear polarisation of atoms and the atomic fraction are continously measured with a Breit-Rabi polarimeter [28] and a target gas analyser [29] , respectively. The polarisation of the atoms can be flipped within short time intervals providing both vector-polarisation states and thus minimising systematic effects in spin-asymmetry measurements. The average value of the target polarisation for the deuteron (proton) data was 0.85 (0.85) with a fractional systematic uncertainty of 3.5 (3.8)%. The value of the proton target polarisation used for the data presented in this paper has been updated with respect to Ref. [23] making use of improved knowledge of sampling corrections and treatment of molecular polarisation [30] . The luminosity was monitored by detecting Bhabha events using calorimeter detectors close to the beam pipe [31] . The integrated luminosity per nucleon of the deuteron (proton) data set was 222 pb −1 (70 pb −1 ). Scattered positrons, as well as coincident hadrons, were detected by the HERMES spectrometer [32] . Positrons were distinguished from hadrons with an average efficiency of 99% and a hadron contamination of less than 1% using the information from an electromagnetic calorimeter, a transition-radiation detector, a preshower scintillation counter and a Cherenkov counter. Only the information on the scattered positron was used in this analysis.
Data analysis
In the following, the analysis procedure used for the deuteron data is given. The analysis procedure and treatment of systematic uncertainties have been taken from Refs. [22, 33] and are detailed in Ref. [23] , where the same analysis for the proton data was performed. For completeness, the values and parametrisations used in the latter are given below. Note that, compared to Ref. [22] , the proton data set has been re-analysed in the full kinematic range of Ref. [23] to optimise the binning of the kinematically more restricted nucleon-resonance region, where the detector acceptance prevents the full coverage over Q 2 . The kinematic requirements imposed on the scattered positrons in the analysis were identical for both targets. The full range in
0 GeV 2 was divided into six bins; the same binning as in the proton case was chosen for the analysis of the deuteron data and for the subsequent determination of I n GDH . After applying data quality criteria, 0.55 (0.13) million events on the deuteron (proton) in the nucleon-resonance region and 8.3 (1.4) million events in the DIS region were selected.
For all positrons detected, the angular resolution was better than 0.6 mrad, the momentum resolution (aside from Bremsstrahlung tails) better than 1.6% and the Q 2 -resolution better than 2.2%. The threshold Cherenkov detector used in the proton measurement was replaced by a Ring-imaging Cherenkov detector [34] for the data taking on the deuteron. The additional amount of material led to a slightly worse W 2 -resolution of δW 2 ≈ 1.0 GeV 2 for the deuteron as compared to the proton measurement (δW 2 ≈ 0.82 GeV 2 ) . Although these W 2 -resolutions do not allow distinguishing individual nucleon resonances, the integral measurement in the nucleon-resonance region is not degraded.
The generalised GDH integral Eq. (2) can be re-written for any target in terms of the photon-target helicity asymmetryÃ 1 and the unpolarised structure function F 1 :
where K is the virtual-photon flux factor. The cross-section asymmetryÃ 1 for the absorption of virtual photons was calculated from the measured cross section asymmetry A as
For spin-1 2 targets the photon helicity asymmetryÃ 1 is identical to the longitudinal virtual photon asymmetry A 1 andÃ 2 is identical to A 2 . The difference between these two asymmetries is relevant for the deuteron target only. Even here it is considered to be small in the kinematic region examined in this paper and hence will be neglected in the following.
The measured cross section asymmetry A is given by
Here N is the number of detected scattered positrons, L is the integrated luminosity corrected for dead time and L P is the integrated luminosity corrected for dead time and weighted by the product of the beam and target polarisations. The superscript
refers to the orientation of the target spin parallel (anti-parallel) to the positron beam polarisation. The kinematic factor η is given by
where y = ν/E beam is the inelasticity of the reaction. The effective polarisation of the photon D
depends also on R = σ L /σ T , the ratio of the absorption cross sections for longitudinal and transverse virtual photons and the electron mass m e . A 2 is related to longitudinal-transverse photon-nucleon interference and is not measured in the present experiment. In the DIS region A 2 can be parametrised in a general form as A 2 = cM x/ Q 2 , where c is a constant determined from a fit to the data given in Refs. [14, 15] as c = 0.20 (0.53) for the deuteron (proton). In the nucleon-resonance region no data are available for the deuteron and A 2 = 0 was chosen, while for the proton a constant value of A 2 = 0.06 ± 0.16 was adopted as obtained from SLAC measurements at Q 2 = 3 GeV 2 [14] . Radiative effects for both targets were calculated using the codes described in Ref. [35] . They were found not to exceed 7% (4%) of the asymmetry A 1 for the deuteron (proton). On the integral level they do not exceed 2% and were included in the systematic uncertainty.
The fraction of events smeared from the DIS to the nucleon-resonance region and vice versa is evaluated by a Monte Carlo simulation of both regions including radiative and detector effects. Smearing effects in the deep inelastic region have been evaluated for all targets following the procedures described in Ref. [23] . The events on the deuteron (proton) were simulated using the parametrisation of F 2 from Ref. [36] ( [37] ) for the DIS region, the elastic form factors from Ref. [38] ( [39] ) and the parametrisation of F 2 in the nucleon-resonance region from Ref. [40] for both targets. Fig. 1 shows the distribution of experimental data as a function of W 2 in comparison with the simulated events on the deuteron. It is apparent that the shape of the simulated distribution agrees well with the data. Similar agreement has been found for the proton.
For the deuteron (proton) case, the relative contaminations from the quasi-elastic (elastic) and deep inelastic region in the nucleon-resonance region range from 15% (10%) to 3% (2%) and from 11% (7%) to 23% (16%) respectively, as Q 2 increases from 1.2 GeV 2 to 12.0 GeV 2 . The fraction of events smeared from the nucleon-resonance region to the deep inelastic region ranged from 2.9% (2.5%) to 0.5% (0.2%), respectively. Smearing from the elastic region to the DIS region can be neglected in the present experiment.
To evaluate the systematic uncertainty from smearing, two different assumptions on A 1 for the deuteron (proton) have been used: a polynomial representation A 1 = −0.0307 + 0.92x − 0.28x 2 (power law A 1 = x 0.727 ) that smoothly extends the DIS behaviour for the asymmetry into the nucleon-resonance region [41] ; and for both targets a step function (A 1 = −0.5 for W 2 < 1.8 GeV 2 and A 1 = +1.0 for 1.8 GeV 2 < W 2 < 4.2 GeV 2 ) that is suggested by the hypothesis of the possible dominance of the P 33 -resonance at low W 2 and of the S 11 -resonance at higher W 2 (see e.g. Ref. [42] ). The combined systematic uncertainty in the partial integrals from smearing and radiative effects does not exceed 14% (10%) for the deuteron (proton) data. In both cases, smearing gives by far the dominant contribution. 
Results for Deuteron and Proton
The GDH integrals for the deuteron and proton were evaluated following the procedure described in the previous section. The nucleon-resonance region and the DIS region were treated separately. The large W 2 -range covered by the HERMES experiment allows essentially the first experimental determination of the complete generalised GDH integral for the deuteron, proton and neutron.
The GDH integral I d GDH for the deuteron was evaluated using Eq. (11) in both the nucleon-resonance region and the DIS region. Here and in the following I d GDH is understood as the generalised GDH integral for the deuteron nucleus. The unpolarised structure function
was calculated in the nucleon-resonance region from a modification of the parametrisation of F d 2 given in Ref. [40] that accounts for nucleon resonance excitation assuming R d = σ L /σ T to be constant and equal to 0.18 in the whole W 2 -range. In the DIS region F d 1 for the deuteron was calculated following a parametrisation of F d 2 from Ref. [36] . In the same kinematic region R was chosen according to a fit in Ref. [43] . Note that due to cancellations between the R d dependences of F The integrand ∆σ used to calculate I d GDH for the deuteron target is shown in Fig. 2 as a function of ν for the various bins in Q 2 . For the proton case the corresponding values for ∆σ are shown in Fig. 3 . In both cases, the extrapolation into the unmeasured region for W 2 > 45 GeV 2 was done using a multiple-Reggeon exchange parametrisation [44] for ∆σ at high energy. The resulting contributions are given in Table 1 and range for the deuteron from -0.07 µb at Q 2 = 1.5 GeV 2 to 1.53 µb at Q 2 = 6.5 GeV 2 . The corresponding contributions for the proton amount to about 3.5 µb for all Q 2 -bins.
The generalised GDH integrals for the deuteron data, calculated in the nucleon-resonance region, in the DIS region and over the full W 2 -range, are depicted in Fig. 4 . The statistical and systematic uncertainties of the full I GDH are clearly dominated by the uncertainties in the nucleon-resonance region. They are particularly large due to the smallness of D and the large size of η accentuating the uncertainties in A d 2 , which amounts to 30% of the nucleon-resonance contribution. The systematic uncertainty on A d 2 in the DIS region does not contribute significantly. The systematic uncertainty for the extrapolation to the unmeasured region at high W 2 of 5% has been taken into account. Further sources of systematic uncertainties include the beam and target polarisations (5.5%), the spectrometer geometry (2.5%), the combined smearing and radiative effects (14% of the partial integrals) and the knowledge of F 2 (5%). The total systematic uncertainty of the total GDH integral ranges from 16% at Q 2 = 1.5 GeV 2 to 7.5% at Q 2 = 6.5 GeV 2 . For the sys- [45] . The systematic uncertainties of the full integral are given as a band; the hatched area inside represents the systematic uncertainty of the nucleon-resonance region alone. Note that some data points are slightly shifted for better visibility.
tematic uncertainties of the nucleon-resonance and DIS regions, independent sources of systematic uncertainties were added in quadrature, while the systematic uncertainties stemming from smearing effects and the knowledge of F d 2 were added linearly. Only smearing effects from the quasi-elastic region to the measured range of W 2 had to be taken into account for the total integral, thus reducing considerably its systematic uncertainty due to smearing compared to the integrals calculated separately in the nucleon-resonance and DIS regions.
The generalised GDH integrals for the proton data reanalysed using an updated value of the target polarisation, calculated in the nucleon-resonance region, in the DIS region and over the full W 2 -range, are depicted in Fig. 5 . For both targets, the contribution of the nucleonresonance region decreases faster than that of the DIS region as a function of Q 2 . The latter dominates I d GDH and I p GDH for Q 2 > 3.0 GeV 2 and remains sizeable even at the lowest measured Q 2 . The nucleon-resonance contribution shown in Fig. 4 and Fig. 5 respectively for the deuteron and proton is compared to a curve representing Fig. 4 . The solid curve is taken from Ref. [46] , the dashed curve follows the model of Ref. [45] . The data were published earlier in Ref. [23] , but are re-analysed for the present paper using improved knowledge on the target polarisation. The band representing the systematic uncertainties is given for the convention defined in Fig. 4. the prediction of the model of Ref. [45] . This model is based on a helicity-dependent sum over the first, second and third nucleon-resonance regions using experimental resonance parameters, but assuming infinitely narrow resonances. The threshold region was taken into account in the first nucleon-resonance region. Within the total experimental uncertainties this model describes the data.
The data for the full integral on both the deuteron and the proton target are compared to a model based on the leading twist Q 2 -evolution of the first moments of the two polarised structure functions g 1 and g 2 without consideration of any explicit nucleon-resonance contribution [46, 47] . In this model, the low-Q 2 behaviour of g 2 is governed by the Q 2 -dependence of a linear combination of the electric and magnetic Sachs form factors. The model predicts the shape. It predictions thus depend on the experimental value for Γ 1 at asymptotically large Q 2 and on the Q 2 -dependence of the Sachs form factors at low Q 2 . The normalisations for asymptotically large Q 2 was taken from the present data. They were evaluated from the Q 2 -dependencies of I p,n GDH with the 1/Q 2 -dependence expected from leading twist devided out. Fitted by straight lines the results are Γ Fig. 9 ) . The parameterisation of the form factors was taken from Ref. [46] . The model describes the data on the proton very well. No explicit prediction for the deuteron is given; thus the deuteron is n GDH for the neutron obtained from the deuteron and proton using the same notation as in Fig. 4 for the symbols and theoretical curves.
modelled as the sum of proton and neutron. Nevertheless, the model prediction also agrees well the deuteron data.
Neutron results from Deuteron and Proton
The extraction of the generalised GDH integral for the neutron from data taken on the deuteron and the proton requires nuclear effects such as Fermi motion and the depolarising effect of the D-state to be taken into account. These questions were addressed in Ref. [48] . Following their model, the integral I n GDH for the neutron was calculated from the results I d GDH on the deuteron, as obtained in this analysis, and those on the proton I p GDH re-analysed following the procedure detailed in Ref. [23] :
Here ω d = 0.050 ± 0.010 [49] is the probability of the deuteron to be in a D-state. It has been shown in Ref. [48] that although the uncertainties in the structure functions in the integrand of Eq. (11) may be large, the resulting contribution to the systematic uncertainty for the integral I n GDH due to nuclear effects does not exceed 3%. This combined with the uncertainty in ω d leads to an additional systematic uncertainty on I n GDH of 4%. No further assumptions, in particular not on F n 2 , A n 2 and R, are needed to derive the generalised GDH integral for the neutron using Eq. (16).
In the real-photon case, the application of Eq. (16) is not straightforward, since significant contributions from photodisintegration and coherent photoproduction must be taken into account [50] . For virtual photons three different regions can be distinguished. For Q 2 > 1 GeV 2 the generalised GDH integral can be described by the spin structure functions g 1 and g 2 taking twist-2 and twist-3 contributions into account (cf. Eq. (7)). Higher twist contributions are suppressed by powers of 1/Q 2 ; Eq. (16) holds. For Q 2 0 < Q 2 < 1 GeV 2 , Eq. (16) holds, but the GDH-integrals for proton and neutron deviate substantially from the g 1 and g 2 (twist-2 and twist-3) contributions. In this region, the Operator Product Expansion has already broken down and one has to resort to model assumptions like those of Refs. [46, 47] . The relevant scale Q 2 0 was estimated in Ref. [51] 
Eq. (16) is no longer valid. In Fig. 6 the results for I n GDH obtained from the deuteron and proton data in three W 2 -regions are shown together with model predictions following Ref. [45] and Ref. [46] . As in the proton case, the contribution from the nucleon resonance region decreases faster with increasing Q 2 compared to the contribution from the DIS region. The data are well described by the resonance model. The contribution from the extrapolation to high W 2 is dominant for Q 2 > 2.0 GeV 2 and remains sizeable down to the lowest measured Q 2 (cf. Table 1 ). In agreement with measurements of the neutron spin structure function g n 1 and as expected from recent measurements of polarised quark distributions [52] , I n GDH is negative and of smaller absolute size than the proton value. Within the total experimental uncertainties, the model prediction of Ref. [46] agrees well with the neutron data for the full integral.
Results on I n GDH were also obtained from a previous measurement on a 3 He target [22] . The neutron asymmetry was obtained from the 3 He asymmetry taking into account nuclear effects, the relative polarisation of the neutron and two protons, as well as a fit to the data for A p 1 . Note that the lower W 2 -limit for the data taken on 3 He was 4 GeV 2 and thus slightly different from the cut at 4.2 GeV 2 used in the deuteron analysis. Both data sets are shown in Fig. 7 and agree within their respective uncertainties.
Discussion of results
In Table 2 the final results are presented for the full generalised GDH integrals on the deuteron, the proton and the neutron in bins of Q 2 and for the three generalisations (Eqs. 4, 5, 6) show that the contribution of the nucleon resonance region to the full generalised GDH integral is small for Q 2 > 3 GeV 2 and the contribution from the DIS region remains sizeable down to the lowest measured Q 2 values. Numerical values following the generalisation I B are given in Table 1.
The results for the full generalised GDH integrals on the deuteron, proton and neutron are shown together in Fig. 8 . As noted above, they agree well within the total uncertainties with a prediction of Ref. [46] based on the leading twist Q 2 -evolution of the two polarised structure functions g 1 and g 2 without consideration of any explicit nucleon-resonance contribution. Although in the neutron case the poorer knowledge of input data for this model leads to a larger uncertainty, a similar description of the data compared to the proton case is achieved. No turnover is observed in the measured range that would be required for the generalised GDH integral on the proton or the deuteron to meet the GDH sum rule predictions at Q 2 = 0. Preliminary data from Ref. [19, 20] and a recent theoretical evaluation indicate that this sign change happens at a value of Q 2 much lower than the range considered in this analysis [53] .
At large Q 2 the generalised GDH integral is connected to the first moment of the spin structure function g 1 (Eq. [14] (shifted to the left) and Ref. [15] (shifted to the right) on proton and neutron. The stars represent the three highest Q 2 bins of the neutron measurement from Ref. [21] including an extrapolation for the unmeasured DIS region.
(9)). For Q 2 > 3 GeV 2 the generalised GDH integral is completely dominated by the DIS region. The data presented in this paper agree with the most recent values for the first moments of the spin structure functions measured on the proton by E-155 (E-143) Γ The Q 2 -behaviour of I GDH for proton and neutron can be more clearly studied when dividing out from I GDH the 1/Q 2 -dependence expected from leading twist. According to Eq. (9), I GDH is then expected to show a logarithmic Q 2 -dependence, similar to Γ 1 . The result is shown in Fig. 9 . Any contributions from resonance form factors Table 2 . The generalised GDH integral for the deuteron, proton and neutron, calculated for the full W 2 -range, given in µb per nucleus for the generalisations given in Eqs. 4, 5, 6 following Ref. [8] and various values of Q 2 in GeV 2 . The statistical and systematic uncertainties are given. updated value of the target polarisation, a corresponding re-analysis of the HERMES proton data as compared to Ref. [23] was performed. In both cases the W 2 -range was separated at W 2 = 4.2 GeV 2 into a region where the nucleon resonances dominate and into the DIS region. Combining both data sets, the generalised GDH integral for the neutron was calculated in the same kinematic regions. These neutron results obtained from the deuteron agree with those obtained earlier on a 3 He target in the same kinematic region.
Altogether, a complete set of measurements of the generalised GDH integrals for the deuteron, proton and neutron is available. In all three cases the nucleon-resonance contribution to the generalised integral decreases rapidly with increasing Q 2 and the contribution from the DIS region is still sizeable even at the lowest measured Q 2 , emphasising the importance of measuring the GDH integral over a large W 2 -range. At larger Q 2 the measured values agree well with measurements of the first moments of the spin structure function g 1 .
For the generalised GDH integrals of the proton, the neutron and the proton-neutron difference, the Q 2 -dependence is in agreement with a leading-twist behaviour; within the experimental uncertainties it exhibits no significant contribution from either higher twist or resonance form factors. The proton-neutron difference is in agreement with the Bjorken-sum-rule prediction evaluated at Q 2 = 5 GeV 2 within the experimental uncertainties.
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